Italian ringspot virus (CIRV) p19 protein in complex with A conserved set of gene products is required for RNA a 21 nt siRNA. Our studies reveal how this family of silencing in plants, animals, and fungi (reviewed in Co-RNA silencing suppressor proteins interacts with and goni and Macino, 2000) . The molecular mechanism of specifically recognizes the siRNA. These structural stud-RNA silencing involves the initial processing of doubleies in conjunction with binding assays show that p19 stranded RNA (dsRNA) into short (21-26 nt) dsRNA duhas a high affinity for 21 nt siRNAs with little to no plexes called small interfering RNAs (siRNAs) (Hamilton distortion of the standard A form dsRNA structure. Surand Baulcombe, 1999; Zamore et al., 2000) . These siRNAs prisingly, the siRNA's characteristic 2 nt, 3Ј overhangs are produced in Drosophila by a nuclease from the riboare not necessary for high-affinity binding, but binding nuclease III family named Dicer or in plants by Dicer is enhanced with siRNAs containing the 5Ј phosphate groups. The length of the duplex region of the siRNA is critical for high-affinity binding. CIRV p19 binds tightly to siRNAs of 20-22 nt, but progressively weaker to siRNAs can be divided into N-terminal (residues 9-48) and C-terminal (residues 55-152) subdomains connected by of 23-26 nt and poorly to a 19 nt siRNA. Although amino acid sequence homologs have not been detected in a short linker (residues 49-54) ( Figure 1C ). We were unable to build a model for the short linker region beproteins other than tombusvirus p19s, this mode of recognition may represent a prototype for other siRNA bindtween the two subdomains due to poor electron density. This suggests an inherent flexibility of the linker; the ing proteins in the RNA silencing machinery. lack of RNA or protein contacts may prevent a single conformation from being favored energetically. As a diResults and Discussion mer, the N-terminal subdomains of p19 contact the ends of the siRNA duplex, capping what would be the exStructure of CIRV p19 Bound to an siRNA We expressed and purified the full-length CIRV p19 proposed faces of the last basepairs and also contact the 2 nt, 3Ј overhanging nucleotides. This subdomain comtein and obtained single crystals of CIRV p19 in complex with a 21 nt siRNA that diffracted to 2.5 Å resolution.
prises two ␣ helices (␣1 and ␣2) that are connected by a long random coil (residues 18-38). Residues from this We determined the structure of the complex by single wavelength anomalous dispersion (SAD; Wang, 1985) subdomain that contact the siRNA are located in the two ␣ helices ( Figure 1C ). The C-terminal subdomain using a synthetic siRNA with incorporated 5-bromouracil. Statistics for the structure determination are shown functions in protein-protein dimerization and dsRNA binding and comprises a four-stranded ␤ sheet and in Table 1. CIRV p19 binds to an siRNA as a dimer with two three ␣ helices (␣3-␣5) that form an ␣ ϩ ␤ sandwich. p19 forms a tail-to-tail homodimer with hydrogen bonds molecules of p19 per siRNA duplex ( Figure 1A) . A monomer of CIRV p19 comprises five ␣ helices and a single between the ␤4 strands (residues 119-126) from each monomer ( Figure 1D ) and hydrophobic and salt bridge four-stranded ␤ sheet ( Figure 1B) This suggests that optimal p19 binding of siRNA is deand p19 bind dsRNA, the dimerization strand in p19 pendent on the length of the duplex region of the siRNA. (␤4) is eight residues long compared to the homologous The residues that contact the phosphate groups of strand in L1 (␤10), which is only three residues long. The the siRNA are fairly well conserved among p19s from differences in the secondary structural elements explain other tombusviruses, but surprisingly are not absolutely why L1 does not dimerize in the same manner as p19.
conserved ( Figure 1C ) and include some nonconserva-L1 binds as a monomer to the 23S rRNA in the lowtive substitutions (e.g., substitution of Gly for Arg11 and resolution crystal structure of the 70S ribosome (Yususubstitution of Cys for Arg18). These p19 proteins still pov et al., 2001) and to a single stem-loop RNA structure retain at least six of nine phosphate-interacting resiin the high-resolution structure of L1 (Nikulin et al., 2003) .
dues, so we would not anticipate a severe effect on Presumably, by forming a dimer, p19 can bind to a longer siRNA binding. Perhaps the p19 proteins that lack some dsRNA extending over the 19 basepairs of an siRNA. of these electrostatic interactions bind with lower affinity This structural and functional homology provides evithan CIRV p19 and other p19s that retain all nine of the dence that residues in the C-terminal portion of p19 phosphate group-interacting residues. More surprising form a general dsRNA binding subdomain. than the lack of complete conservation of phosphateinteracting sidechains is the observation that neither of CIRV p19 Recognition of siRNA the two end-capping tryptophans is absolutely con-CIRV p19 interacts with the siRNA over the length of the served ( Figure 1C ). However, in all p19 sequences demolecule. As expected, the contacts between protein tected in a PSI-BLAST (Altschul et al., 1997) search of and RNA appear to be sequence independent since the protein database, at least one of the two tryptophans there are no interactions between the protein and the is conserved (usually Trp42, which interacts with the 5Ј RNA bases, other than stacking interactions with the phosphate group) while the other may be substituted last basepairs at each end of the duplex region (see with arginine, leucine, or serine. below). The observed contacts can be divided into two classes: phosphate group and end-capping interac-
The Role of Tryptophan End-Capping Residues tions. Interactions with the phosphate groups are made in Silencing Suppression by basic and polar residues from both subdomains of Previously it was demonstrated that lack of p19 in tomthe p19 protein ( Figures 1C and 3A) . These residues busvirus infection leads to plant recovery from virus contact the siRNA phosphate groups on one side of the infection due to the activation of RNA silencing ( still stack on the exposed RNA base, for either of the two between the sidechain nitrogen of Arg43 and the O3Ј oxygen of Ura20.
tryptophans has a mild effect on the severe symptoms higher levels while GFP mRNA levels were significantly lower than in the control wild-type p19 infiltration ( Figure  4D ). These results support the conclusion drawn from caused by virus infection of the plant. This suggests the p19 mutant virus infection assays that the observed that those tombusvirus p19 proteins that lack one of differences in viral symptoms or in the different silencing the tryptophans may retain RNA silencing suppression suppression level of GFP and p19 coexpression experiactivity. In fact, Cymbidium ringspot virus (CymRSV) p19 ments are the consequence of altered suppressor activhas a leucine in place of Trp39 and has been shown to ity of mutant CIRV p19. be active as an RNA silencing suppressor ( Figures 1A, 1B, 1D, 2B, 3B, and 3C are rendered with PYMOL (DeLano, 2002) . Figure 1E is rendered with GRASP (Nicholls et al., 1991) . species and compared to wild-type TBSV p19 (Chu et al., binding portion of p19. In addition, the salt bridge involving Arg72 and Glu17 is buried, and as a result, the R72G 2000). Three mutations, R72G, RR75-78GG, and R85G, displayed the greatest reduction in the lethal necrosis mutation would result in a buried charged residue (Glu17), which likely impacts the structural integrity of phenotype. None of these residues in CIRV p19, Arg72, Arg75, and Arg85, contact the siRNA but rather form the protein as suggested by Chu et al. (2000) . Two other mutations in conserved amino acids, K60A and K71A, salt bridges to Glu17, Glu35, and Glu41, respectively ( Figure 3B ). All of these salt bridges occur at the interface show decreases in the lethal necrosis phenotype in two of the three species of the plants tested. These amino between the N-terminal and C-terminal subdomains in p19 and likely facilitate the positioning of the RNA endacids correspond to Lys60 and Lys71 in CIRV p19 and are involved in salt bridges to the RNA phosphate backcapping tryptophan residues with respect to the dsRNA ing develops. Thus, it is likely that the high affinity of In order to examine the characteristics of siRNAs that p19 for siRNAs sequesters the free siRNAs and prevents are important for recognition by p19, we determined the the silencing signal from being incorporated into other affinity of p19 for siRNA and its specificity for each of the effector protein complexes (e.g., RISC). characteristics of siRNA using direct and/or competition We observed three hydrogen bonds in our model bebinding assays, as appropriate. tween p19 and the 2 nt, 3Ј overhanging ends; thus, we The structure of the CIRV p19:siRNA complex sugwere curious whether the overhanging nucleotides are gests that CIRV p19 would have a high affinity for 21 required for p19 binding. In our structure, the overhangs nt siRNA based on the interaction of the end-capping tryptophan residues with the basepairs on each end of are involved in crystal packing contacts, so in solution, Our structure also suggested that the tryptophan caphydrophobic base planes of the RNA. Thus, the slightly higher K d for binding the siRNA with overhanging ends ping interactions formed by the p19 dimer might form a caliper on the double-stranded region of the siRNA may be due to the additional energy required to unstack the overhanging bases and expose the end base pair and measure the length of the siRNA. Thus we tested the ability of p19 to bind siRNAs of different length. We of the siRNA during association and re-stack the bases during dissociation of the complex in equilibrium. This used siRNAs between 19 and 26 nt (17-mer to 24-mer duplex regions with 2 nt, 3Ј overhangs) in competition result is contradictory to the interpretation of previous results that concluded that the 2 nt, 3Ј overhanging ends with a 21 nt siRNA ( Figure 5D ). p19 has the highest affinity for 21-mer siRNA with slight decreases in affinity are important for binding (Silhavy et al., 2002) ; however, those experiments, performed under stoichiometric when one basepair is added or removed, 6-fold or 5-fold, respectively ( Table 2 ). The largest decrease in binding conditions, utilized siRNAs with 17 or 21 nt duplex regions, and this change in length of the duplex region is seen with a 19-mer (removal of a second basepair) resulting in a sharp dropoff in affinity (320-fold). The likely affected binding (see below).
We also observed one contact with each of the 5Ј affinity also decreases significantly, as the duplex region is lengthened, but more gradually than shortening the phosphate groups of the siRNA ( Figure 3A) . In order to determine the importance of the 5Ј phosphate groups for siRNA. At the longest siRNA length tested (26-mer), the affinity is 75-fold lower than for the 21-mer, approaching binding by p19, we determined the relative dissociation constants of siRNAs with and without the 5Ј phosphate the low affinity of the shorter 19-mer siRNA. In plants, two classes of siRNAs of 21-22 and 24-26 groups using an equilibrium competition assay. The results are shown in Table 2 GFP Imaging Visual detection of GFP fluorescence was performed using a 100 mM Tris-HCl (pH 7.0), 1 mM EDTA, 1 mM TCEP, 100 mM NaCl, and 0.02% Tween-20. For competition experiments, synthesized 5Ј-W handheld long-wave ultraviolet lamp (UV products, Upland, California, Black Ray model B 100AP). Plants were photographed with phosphorylated oligonucleotides were annealed as in the labeling procedure to form competitor RNA. Competitor siRNAs were titrated a Canon EOS D30 digital camera using a Wratten 8 filter. against Ͻ2.5 pM radiolabeled 21-mer siRNA with 2 nt, 3Ј overhangs and 0.7 nM CIRV p19 (concentration at which ‫%08ف‬ of the siRNA
